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Abstract
Opcl(rfor in fcrfacc  has rcccnlly emerged as an iln-

]Ior[ani  clrmenf  in space iclevobotics for cflicicnt  and
soj_c interactions 6ciuIce11 fhc human opcvafor and the
tcleroboiic systrIIL. Adtjancrs in graphics  and  1!1 graph-
icol user inicrjacc  (GUI) technologies cnahlc dcuclop  -
lncnt  oj very eficicnt operator inicljaces. 7’fiis paper
arldws. ses potcniial QPP!1C(II1011S oj advanced glaphiral
ol)cl.atov inicljaccs using graphics arid graphical US(1

inicrJaccs in +pace fclerobotic operations. l’ossiblc ap-
plications arc illus!ratcd with examples oj grophics vi-
surrlizafion  displays dcvclopcd jor aduanccd fclcopcla-
tion and  with an crumple  of an operator iniclfacc  de-
sign dcvcloprd jor rcmofe surjacc inspection at ihc Jt-1
l’ropulsiort laboratory.

1 lntrocluction
‘lklerobcrtic  c,r]eratiorls  in genera] require a large

Ilulnl)er of pararnctcr  scttillgs and inollitoring  calJa-
I,ilitics, and tllcrs a  siln})lc  IIardl$’arc-c)rielltccl  orI&
sf711scJr/olle-clislJlay  intcrfacc  l]ccorrws incfllcicrit, oftcrl
d{cr)laudirlg lmre than orle lliglily exl>cricr)ccd operator
CIl]ril)g  t,],e o[)cratior). llccclIt  actvarrccs in gra~)llics  and
~,r{il)llical user itltcrfacc  (G IJ1) tccl)rlologics cnatj]cd us
to dcvcloi) advarlccd operator irltcrfaccs  usirg graphics
clisJ)lays arid/or ,grapllica]  user irltcrfaces.

(Jral)llics  dis~)laj;s  arc an important clcrnc]lt in an
ad! ’{inccd  operator Irltcrfacc  design, I)rovidillg a lncans
of [)ictorial corr]rnullications  hctween  the IIurllarl  ollcr -
ator  ar)d tllc systcrn.  Gra[)hics  d i s p l a y s  call be cll~-
I]lc,)cci to acllicvc incrca-scci cf[icicrlcy and rclial)ility  ir)
[t]] !I]rcc j)l]a.=es  ofsl)ace  tclcrol~otic  oJJcrat ioIls: irl off-
liflc task ;ir]alj’sis :ir]d J)larlr]iIlg,  irl o[)crator  tr;ii]lillg,
:\rl(l irl ol]-lir]c  ta-sli cxccutic)rl. ‘1’IIc rllctllodology’ of us-
irlg gral)tlics  dis~)lajrs  co!)crc~ltly i]] all tl]rcc Jll)ascs  is
drscril~cd  hy cxarr]])lcs actual ly devclo )c(I  at (}IC  J1’1/

{Advarlccd Tc]copcration  I,aboratory 5]. ‘1’hc exam-
l~lcs dcscr!hcd  incl~rde  a rlcw Ivork  cjrl task arlalysis
and I)larlulng c)f a slrrlul:ttcd Solar Nfaxirrluln  Satellite
l{el)air tri.sk, a force-reftcctirlg tclco}jcration  sir]iulator
for oJ)crator  training [4], [7], a ncw gra~)hicat  ol)crator
irltcrfacc dcsigrl for preview and on-lirle visualization,
and }Iredictivc  disl)lays  for on-line opcratiotl  with tillie

\
delay [1 , [5].

Grap  Iical user ir,tcrfacc  tccl]nologics  [12] using
gral))ii;s-oricnicd  software such as window~s,  ‘rncrlus,
and icons are also an i[rl J)ortant  clcrrmut  in an ad-
vanced o~)crator interface design, enabling a ]norc  s~

])]]isticated flcxih]e operator interface in tclcrobotic
operatlorls  for mcrcascd  cflicimc.y  a~id safety. AII m-
ample usirig ilitcgratcd grap}lics and graphical user irl-
tcrfaces is described IIcrc  !vith the rlewly dcvclopcd  c)J)-
crator  intcrfacc  desigrl fc)r a rcrnotc  surface inspection
system [3], (8] developed at the JI’1, “1’clcrol)otic Sur-
face l~lspectron  I,ahoratory with potential al)plicaticms
in inspecting surface damages (e. g., irn~)acts  by s])acc
dchris or by micro tr]ctcoritcs)  to space  lllatforrlls  such
as the Sp[icc Station Fkccdc]rrr.

2 Gra])hics  V i s u a l i z a t i o n
(;ra~,hics ciis~)lays call sigrlifica[ttly  a i d  ttlc opera-

tor in accc)rnI)lisllirig  a tclcc)~~cratior]  task irl all ~)tla.scs
of work - off-line task  analysis a~ld ~]larllling, o~~cra-
tor trai]lirlg,  and orl-lirlc operation. Ir~ the first I)h&sc,
gral)ltics dis~)lays  l)rol’idc substantial aid to itlvcstigatc
workccl] layout, ~r)otion J)lanning with collision dctcc-
tiol~, rcdundar~cy manager  llcnt,  a n d  sctlsor ~~larlllirlg
f o r  carr)cra  view’ irlg. I n  the sccoud I,ha.se,  gral)llics
displays cart serve as very useful tech for irJtroduc-
tory trairling  of oJ>cratc)rs  t)cforc  trainirlg  thcln  o~i ac-
tual tlardwarc. In t}lc third ph~~c, gra~)hics displays
earl be used fc)r ;Jrcvicwi[ig  plar[rlcd  rllotions  and rnorl-
itcrring  oll-line o~)crations, or, when cornrnurlicatic)n
tirnc delay prevails, for providing predictive gra~)l~ics
overlay 01] tllc actual carncra  view of the rclnotc  site
to show the rlori-tirnc-de] aycd co]lscqucncies  of corn-
nl;irldcd rliotio!ls irl real tirllc.

2.1 ‘l’ask  A n a l y s i s  and l’lan~ling  l)is])lays
(lral)!lics  vis~la]izatioli for task arl:ilysis and J~]an-

rlillg is apl)licd to ttlc Solar \faxirnuln Satellite llc~)air
(S\lS1{) ‘1’ask  [2], sirlcc c~ric c]f tt,c tasks at tl,c J1’1,
Arivarlcccl  ‘1’tlec)j)cr:itic~r~  I,:il)cmatc)r~  is to J)crforlIl  tllc
sirrmllatcd Shf Slt cxI)crilncrlts  hy us!ng advarlccd tclc-
.opcration  capat)ilities  }vith dua l  &degrcc-of-frccdo  rll
redurldartt  ($-dof)  robot  arrl]s.  ‘J’hc SNISR  t~~k \va.~
sclcctcd,  since. tills t,ask is very rich irl tcrllls  of coln-
plcx operatiorlal  rcquircmcrlts  a n d  was actu;illy  pcr-
forrlwd by t~vo FJVA (extra vehicular activity - sl, acc
walk)  astrorlauts  irl t}lc Space Shuttle I’ayload nay
in 1984. Irl our off-line task  arlalysis/plarl  rllng of tile
silnutatcd  Shf SJL task, tlic IGRI1’  (Interacti}w  Graph-
ics Robot ]rlstruction  l’rograln)  software package frotn
l)enclj  I{ohotics  is used. ‘llIc package provides an cx-
ccllcrlt oJ~erator-interactive graphics simulation crLvi-
ronrncr]t  with advanced features for CA I)-Lascd n~oclc]
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IPigutc  3: Cra~Jllics Visualization) for redundance lnarl-
agemcllt.  At I illactcquate  scttillg of the elbow rc)tatiotl
ar]gles car] cause collisic~lls hctwccn  tllc tww arllls.

t
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‘1’lIc Jv[]r!iccll of t})e sirllulatcd  SNISI{  t a sk  sllcj!vrl
irl a gra}]llics dis})lay  o f  Fig. 1 colmists c]f tlvc) 8-dof
AA] rc)l)ot :trllls, a  ~lartial solar \l{ixilllLlr]l  satc)lite
Iltockul),  t!vc) ‘islliart” ]IaJIds (crld cff’rctors),  a raised
tile floor, ar id  a screw driver  tool. Otllcr  Ivorkccll cl-
crr]cr]ts  il]cludc carllera  garltry  frarllc and otl]cr CIId
cflcctc~r tc)c)ls suc]i as a t;ipc  c u t t e r .  f;acti dcvicc irl
the wc)rkccll was t,uilt hy first creating tt)c i[lciividual
r,artsc,ftllecie~,iccl)y  using CA1)-hascci  ot~jcct rllc)ctcl
huilciir]g toc)ls, arid thcr] I,uttir)g  tllcrn together with
al)~)rc~i)ri;itc  dcfil]itiorls  c)f Iiirlelllatic  attril)utcs. A f-
tcr all tl)c deifiers ;vcre built, ttlcse dc;iccs ~verc laid

out  irl tile workccll. Irl order to Cictcrlninc the desir-
able lnc)u[ltirlg  Iocat. iollsof the rc)hots atlci thesatcllitc
lnocku~),  rc;ich cr~vclopcs  oftllerobots ~vereovcrlaidorl
tllc workccll  display for various task  conditior~s,  }vllcre
each clevicc lvas allowed to be ]noved with a rl]c)usc to
satisfy tile reach eILvclopc corlstrairlts.  A reach erlvc-
lo}~evisLl alizatiorl  of Fig. 2sllo\Ys tllatttlcscrc}~' driver
can rcacll all thcscrcws  at tllc right arlgletottlc l)ar~cl
when t}lc I)aricl ‘~ o})erl 115 degrees.

A)) irlvcrsc  !i]llc~llatic routirlc  dcvclo~)ed  f o r  tlte 8-
dofrcdorldarlt  AAI:irrll  [9] wasillcorI)oratcci  i]ltoc:ic}l
of the t!vc) gr:ip}liczi]ly  silnulatcd  robot  arrlls to allow
cartmian rc)hot  co]ltrol with a rriouse, kcyhoard  input,
or a &dof  IIarld  corltrollcr.  “1’he inverse icirlclnatic al-
gorith]n  employed is an apl)roach  of fixing 2 joi]lts  arlct
using only 6 joints at a time. At present joint 3 a n d
5 arc CIIOSCII  as fixed joirlts  and used a-~ redundancy
control I]arar[ictcrs,  since they arc closely related  to
the clhow arlci wrist rotatic)rls ill rlorrnai ol, erating rc-
g,iclrls of ttlc S31Si{  ta.<k. IJI k’ig. 3 ,  t}le jc)illt 3 vaiues
o f  ttle ieft a~id right  arrlls arc iria<icquateiy set, a~ld
t}lc ciljo!vs  cjf the twc) arllw are ahout to collicic Ivit}l
Cacll other.  )\s lIIc r ight  arln  IIlovcs  ciosc to its ha.sc,
tllc t~vo{irllw  coilicie, aTld tlic ~)arts  irl coiiisioll i)ccc)rlle
Iliglliigiltc(i ill rmi. O f  cc)ursc, a grai>ilic vislializatioll
ill P’i$. 1 si)c)ivs tilat all acicqllatc  sctti!lg  o f  t}[e CIIICNV
rotatloll  ar]gies cfirl avc)i{i coiiisiorls.

G o o d  camera  vicwirig corlciiticnls arc csserltiai  for
successful tclcc~~)cratic)rl. Sil]luiatcd  graphics of caln-
cra vic}vs can i)c used for sc~lsor ~)lanni~ig to cictcr-
~r~irlc ciesiral)le  carncra  locatiorls  artd zoornsettirjgs fc)r
cac}l sul)-ta.sk.  F’inally! ~Jlarlncd tnoticms car) I)c vcri-
ficdhycorlt irluous  rnotlorl silr~uiatior]s.  Afirlrtivcrifrcd
plar)r)cd  ;notion  for each sub-task is used later  fcjr orl-
lirlcprcview  display.
2 . 2  O p e r a t o r  ~’raining  I)isplays

Ikccrl(ly  wc have cievelc)~)cd a fc~rcc-reficctillg  tcie-
ol)eratic)r] tr:iirliIlg sirl]ulator  wit}) visual  and kiric+-



}’igurc  4: Force-reflecting tclcopcratio])  trrtilliIlg dis-
])lays  during ir]scrtion. CCrntact  forces ar]d torques are
cc~input,ccl and reflcctccl  t o  tllc force rctlcctillg  IIarlcl
colltrollcr  ii] real -ti[ne. ‘l’tIcy are also clis~)layed Otl the
ur)l)cr  left corner of tllc screen, wliilc tl}c currc[lt  joirlt
arlglcs  a]~l)car 011 the upper  @t corner

tllctic  fc)rcc ?irtual reality [4], [7]. l;or visual vir-
tual rc:ility, a IIigh ficlclity real-tirllc graj)llics clisl)lay
is used to silnulate  rcTnotc  calncta view’s }vit}l three
oI]timlal vicwillg rliodes: sillgle view:, t$vo s~)lit views,. .
and stcrcmcoplc  view. For kirlcsttlctlc  force virtual re-
alitv, virtual contact forces and ~c)rqllcs :~r~ coln}l~ltcd
cl~lr-illg tllccxccutioll oftllcsill~ulatc(l  Pcg-i[]-llole  task,
alld tl)c o~jcratc~r can actually frwl tllc virtual corltact
forces and tc)rques  of ;i colnl)lial]tly  col)trc)llcd  rohc,t
l)alld tllrougl[  aforcc-rcflcctir!  gllalid controller.

At ~)rcscllt  otJ,ly a  si[llulatcd  ~]cg-ill-llolc  ta.s!i call
bc I)crforlllcd  Jvlttl tllc training  silnu]ator  (Fig. 4 ) .
\\~llilc tllc o~,crator cwjtrols  tl)e si][]ulatcd I’UL!A
:irtli tllrougl]  tllc Gdof  force -rcflcctillg  IIarld colltrollcr,
virtu:tl  co]ltact  forces and torques arc corn~](]tcd  it!
real till~c al]d fed l~aclc to t~le ]Iand controller at a
data ul)datc  rate of shout 15 to 30 IIz ttlrougt) a se-
rial 1/0 Iillc. For stcrcoscc)pic  grai)l]ics disi]lay [ 7 ] ,
Silico]l Grai]llics  StcrcoVicJv i s  u s e d .  ‘1’lIc oi)crator
c a n  si)ccify  sil[lul:i(cd fc)rce rcflcctioll  gains and stiff-
~Icss (corll~)liancc)  v a l u e s  o f  Il)c rc)t)c)t Ilarld fc)r tile
t})rec  trallslatiorla]  and tllrcc  rotational axes ill Cartc-
si:ill sl)acc. ‘I’cstit, gs \vitll tllc dcvclo~)cd  ~)cg-ili-llole
task sirtlL]l:ttc)r/trai]]cr  irldicatetllat ai)i)roi)riatc  corlI-
I]]iil]lcc l,alucs arc essential to achieve stal~lc fot CC-
rcflcctillg  tclcoi)cratio~] i n  ~]crforlliitlg tllc si]liulated
i,cg-itl-llole  task.

2 , 3  l’revie~v a]lcl  On-l, ine Visualizatiol~
l’review disl)lays erlat)lc oi>crators t o  J)crccive

grziI)llics  silllulation  o f  i)lannccl motio]l i)rior toscrld-
i]]g ]Ilotic)l] co Inmands  to t}lc rc]lmte site for actual
t a s k  cxccutiol),  cilld on-lillc visual i~:itiol]  tlcll)s oi)er-
ators  to ol)scrve and Trlollitor  actual task execution.
All ol)crator  iIltcrface  design cxarn~)lc  fcjr llrcvicw and
on-lil)c visualization for usc in the Shl Sltol)crat ions is
SIIOWI1  ill }’ig.  5. AI] operator first selects a task frclm
tllc task sclcctiorl  menu (lower rig!lt panel). Iror the

}“igurc5:  Gra~]hical  oi~crator i~ltcrfacc forl]rcvicwalld
orl-line visualization  during t}lc therlna]  Llariket tai)c
cutting ta.$k.

task selcctcd,  thcrccorl~lncl]  dcdjoi[lt 3 and 5valucs a-~
well as tile actual joint angle values are displayed o]]
slider bars for redundancy lnanagclnc[]t  (ul~pcr rig}lt
I,anc]). ]’ric,r  to ttlc actual tmsk cxccutioll,  the oi,cra-
tor call select an optiorl for i)rcvicw  (ui)per  left par)cl).
lour options to be rivailahlc irl the preview rllode arc
tc]cop, autc,, record, and ~)layt)ack.  In tllc p r ev i ew
tclcop mode,  tile oi)erator  can re}lcarsc the tmk I)y
tcleoijcratioll  using grai)llics  sir[lulation  wit]lout  sclId-
ing tllc rllc)tiorl corn] narlds to tile rcrnc)tc site. lJurilig
the  teleoi) rctlc:irsal,  tllc oi)erator’s  Iimtic)ll cc)rlllllands
ea r l  a l so  l)c rccc~rded a~ld rci)l:iycd using the recc)rd
and playback oi)tions. If tlic lJrc-~)laTlr)ed rllotiorls arc
avail at)lc tllrcmgh off-line  task  al]alysis/l)lallrlillg,  t h e
operator can use the preview auto rllodc to prcvic~v
tl]e prc-l)lanrled  Inotions.

After the i)rcvic}v,  the c)~)crator  selects all oi~ticjn
for actual task execution. ‘1’hrce modes  t o  be rrvziil-
ab]c in tllc trLsk cxccutiorl  rnodc arc tclcop,  auto, and
I)layhack. in the teleoi) execution rnodc, the oi)erator
u s e s  rnar)ua! tclcoi)cratic)Il for tmk  cxccutior].  III tllc
auto cxecutiorl  rnodc, the lJrc-iJlanIlcd  motion de~l~orl-
stratcd durillg  ttle i]rcvicw auto rnodc is actually sclit
to the rclllc~tesitc  for ta.<k cxccutiorl.  II) the i)!ayl)ack
cxecutioll  IIlode, tllcrccc]rdcd  rl~otic)r~ collirllallds  s:ivcd
d u r i n g  tllc preview tclcoi) rcl)carsal  is sent to t}ic rc-
rnote site for the task  cxccutic)~l. }1’c)r  free-space rottot
motion, tile autotnatic execution of tllc prc-J~lallllcd
robot  ~r~otioll  nlay t)c llscd Witli cflicicr~cy. If t}le task
r equ i r e s  cc)rltacts  ~vitll tllc cnvirollrncnt,  rnauual  tclc-
o~)cration I!lay ill gcllcral  be used.  l’hc  auto cxccutioll
of tasks involving contacts could be also possihlc  hy
incori)orati]lg,  the ttlulti-sc~lsor-t)a-scd  control to cJ\’er-
cc)rlle irladvcrtent  crrc)rs in lnodc Iing arid calit)ratiolls.
Durin tlieactllal task  exccutiorl,  oll-li[lc vis~lalizatiot]

?can he poi~erators  tovisualizc the currc;  lt arm corlfig-
uraticm at arly desired angle, allo~ving  rr~o]litori[lg  a~ld
verification for safer tclcopcratior).  Irl our systclll,  orl -
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line visuali7,atiorl  g,ra~~liics  is u~)datcd  tit a 3(1 117 r a t e
t~y usillg tl)c actual rol)ot joir)t angles rccci~cd.

2 . 4  l’reciictivc I)isp]ays
Grourld remote co~)tro] of s~)ace rol]ots dralts rit-

tcil(ion rccc]ltly a.~ :111  irltcrcs~illg  sl~a~c tcl~rohotics
I,rojcct.  III t i l l s  groulld  rcrnotc o~)cratioll,  llc,wcvcr,
tl)crc is arl unavoidal)le  colnr[lurlicatiorl tirimdclaj’.  lrJ
order to Clillrirlcc ttlc IIulllall cJI)crator’s  telclll:illi~~u-
lrttioll ]mrfc)rlllarlcc  ulldcr  tilnc delay, }vc h a v e  irnplc-

p[llJwrltcd t~vo licw sc]lc]ocs:  ~)rcdictlvc d i sp l ay  1  ,  5
and sltarcd cortl I)liancc  corltrol [6] .  l>rcdictivc isplay
is usvful duri~lg free-space robot IIlotiotl, while sllarccl
collljjlialicc colltrc)l is useful  during  collt:ict  or  i[lscr-
tiol].

l’igllrc 6: (~alil)ratcd  gra~)llics oicrlay o f  tllc lvire-
fralllcrllodeloli tllc actual calncravicw for ~Jrcdictivc
disl)lay.

In a ])rcdicti~c display, tlIc grall}lics  rr]odel  is ol’cr-
lai(lc)ll tllcactll:il~ ’iclcol ]llagcoftllcarlll. ‘l’llcgral)ll-
ics rnodci rcsl)ollcls illstarltal)cously  to t}lc }Iurl]arl oil-
crater’s hand ccjrltroller  conlrtlancts, w’lli]c tllc actual
VidCO  irna~C [If t}l C ar]ll rCS~)OIldS  }$’ith a  COrl)])ll]]l;  -

cation tirlw delay. ‘1’lIus tllc o~)cratc~r c:ill scc tile
IIc)rl-tilllc-dcl:iy:cl roc)t ion c)f tllcgra~)llics  lnodcl of tllc
rol)ot arlll.  \\ Illlc tllc l)rcdictivc  (iis])lay was origill:illy
dc;’clo~)ed earlier }~y usir]g  a stick figure  TJlodcl  [10],
:idva]lces  itl gr:il~lllcs  tccllno]ogics  cllat]lcd u s  t o  dc-
VCIC)l)  a I]rcdictivc dis~)lay  Ivitll  a higtl-fidcli tygra~)]lics
]nodc] which can hc either a solid-shaded or a wire-
fr:i)m ]I]ocJel  ~vitl] }I iddcn-l ine rcrnoval. In or{!cr  to
su~)crilnI)osc  tl]c graj}llics  lnodcl oll the v i d e o  llnage
o f  tlIc arln,  calJwra calil,  ration  w a s  first l)erforlned
t,y all interactive ~nctllod. IIot}l lirlcar and norllillear
calrlcra  calil~ration algorithms arc availahlc.  ]n Fig.
6, the wire-fralnc gra~)llics rrlodcl c)f tllc l’Uhl A ar[ll
is supcrilnljoscd  on the actual car[lcra view after the
calocra  calit)ration.  I)urirlg  the actual  tclco~]cratior]
u]ldcr tirnc delay, tllc actual video ilnagc of tllc arll~
fc)llows the graphics rrlodcl with time delay. I’rclirn-
inary cxpcrirncnts  wit]l a single-view silll~)lc tal~pirlg

t~sk indicate that I)rcdictivc  dis~]lay ellllarlccs  tllc hu-
]Ilan  operator’s tclclilaiii~)i]latiol]  pcrformalicc  sigrlif-
icantly,  although  it al~]wars  that citller tlvc>vicw o r
stercoscc)pic  I]rcdictivc  displays arc ricccssary for gcrl -
cral 31) tasks.

3  (lpcrator  lntcrface  f o r  llemote S u r -
face  inspect ion

A tclcrobotic  surface irls~)ection syste[n  3] has hccu
[newly dcvclopcd  at the Jet l)ro~)ulsiorl I/a )orat.ory  to

dcllLonstratc  arid cval~latc its caI,al)ilitics  for potel,tial
applications in s~)acc platforms suc}t as tlie Srjacc Sta-
t ion F’rccdc)m.  ‘1’lic currc]it  J1’1,  tclcrot)c)tic ilis~lcctio~l
systcril uscs a 7-dof lbt)otics ltcscarcll  Corl]oratio[l
(lU{C) ar~tl ~nou~ltcd 011 a l-dof  tnot)ile ~)latforln.  ‘1’IIc
ar[n carries irlsr)cction  calncra.q, cm]trollcd lights,  a]]d
other sensors for i]]si)cctio]l  aIId lnarli[]ulatio~]. lor
a sirnu]atcd  insr)ectiorl task IJIockup, ort)ital  rel)lacc-
mc~lt units (O RIJ’s)  arc Inoulltcd  OIL a onc-tllird  scale
of a truss structure of tllc Space Statioli F’rccdorn.

k’igurc  7: O~lcrator  corltrol station hc]uscd in a realistic
cu~]ola tllockup of tllc Space Statiorl  lkecdoln

‘1’hc o~)crator corltrol station is llouscd in a Space
Station cupola lnockuj) (1’ig. 7) to realistically sir[~-
u]atc  tl)c cqui~)ll]cllt and c)pcrator  sj)acc Iilnitatio]ls.
‘1’he o})crator irltcrfacc  lkardivare corlsists  of tlircc  }Iigh
rcsolutic)]l color video [Imllitc]rs, a Silicon C~ra~)llics
IILIS workstat  io]l, arid t~vc) ldcjf (one tr:irlslatioll:il  al]d
OJJC rotational) IIalld corllrollcrs  that arc rllectl~irlically
identical to ttlc OI]CS  used ill tl)c S~Jacc Stluttlc  ]{cll}otc
hfanipuiator System (Rkl  S). ‘1’lle Shuttle-RhlS-type
hand corltrollcrs  }vcrc selected to serve a-s a ‘(starldard”
input dcvicc for tcleo~)cratcd  coritrol,  so that other inp-
ut dcviccs  can hc later co[n~)arcd with ttlis  standard
dcvicc i~l tcrrm of telcc]peratiorl  pcrfc~rrllance

‘1’hc  operator intcrfacc  software resides irl tllc Sil-
icon Gral}hics 11{1S  workstation, corlsisti]lg  of cc)rlI-
lllurlicatiorl  itltcrfaccs  to tllc remote-site rllal]ipu]ator
control and itnagc inspection systerlls,  graphics dis-
lJlays, and graptlicai  user i[~tcrfaccs  (GUI’S ‘1’hc  oI)-

2cratc)r Itltcrface  soft Jvarc was all }J’rittc[l  in ; usillg tllc
X window system, hfotif  w’idgct  set, \\ ’cl widget cre-
ation  lit]rary, arid C,I, graphics library. ‘1’hc .X ~vindcjJv



l’igure 8: ‘1’ol~-levc] scrccn  layout  c)f tllc .gral,llical  0{
crater interface for a rcr]lotc surface irls~lectiorl  systcl

systclll  [12] is all industry starldard software cl)ablitlg
dcvclo~)lllcrlt of ‘(device-illdc~)cllc~crlt” ]Iortahlc  GIJ1’s.
‘1’lle i]lterfaces  arc hierarcllical]y  structured Ily group-
il]g silllilar  fu]lctions  together. hfajor  and co]mnorl]y
used fu[lct.io~ls are prcse~]ted  at tile toI)-level, and less
frcquc~)t]y  used furlctiolls  arc }Iiddei,  in the lower lcv-
CIS. CJ’}IC top-lcvcd screen l ayou t  (Fig.  8) is co~])~)oscd
c)f user rccorlfigurablc  rnultiplc  windows j)rovidillg top-
ICVCI C~LJ1’s  for robot control, light corlt.rol  a]ld irnagc
oj~eratior]s,  video switch, auto scquellcing,  dis~)lay  arid
colltrc)l  s l iders ,  autoll)atcd scallni~lg,  and autolllatcd
illsl~ection.

‘1’lIc ovcral]  desigtl goal of tl]c operator illtcrfacc  for
tllc J 1’1, rcrnotc  surface inspection systetn  is to pr~
vidc ar) efficierlt sing]c-operator irltcrfacc  with all integ-
rated ll):ilii~]ulator  control and illlagc ins~)ectiorl ca-
!,ahility.  ‘1’he inte!facc  suppor~s  t}ircc corn~)lcnlerttary
lils~)ectioll strategies: tclcopcratcd (I]lallual-scan)  llu-
rtlan visual ins~)cction, lLulnan visual  insl)ectiorl w i th
autol]i  ated  scar)  nil)g, and ~Jlacl) ir~e-~’ isic)l]-i~as ccl aut~
IIlated illslJcctiol].

3.1 ‘J’elccr~Jc!raled  Tluman Visual  lns])ec-
tioll

in tllc tc]copcratcd hulnan  visual  irls~)cction,  t he
c)~)erator insl)ects  ttlc object surface visually ttlrougl)
video lnol]itors,  w]lilc ~nanuatly scarl]lirlg  tllc surface
by looking at video ]nonitors  arid teleoperatitlg tllc
robot ar]n carryilig  irlspcctiorl  camera-s and corltrolled
Ii,gllts. \VtLclI  a flaw aI)J)ears,  the o~~crator call s t o p
scarl]lillg al]d ca~)turc  tllc video i!llagc co~itairlilig  the
flaw 011 tllc clcxc-view window (hottoln right corner
ir] Fig. 8) of tile llllS workstation. ‘1’lle operator can
t}lcn furtl]cr  cxarnine  the flaw arid save ttle flaw irrlage
of a Srllall rectangular region by clickirig the flaw with
a rllouse, ‘1’he  operator can also mark the flaw location
irl ttlc far-view irnagc on the far-view window (next to

tllc close-view !virldow  ir, l’ig, 8).
lrl order to colltrol the robot arrll rnarlual]y,  the

operator first sets an appropriate mode of telcopcra-
tiorl I)y usirlg tllc rotrot corltrol C~Ul (F’ig. 9 a ) .  C~orl-
trol ~lararnctcrs include: 1) arm power on or off, 2)
real arln  drive or sirllulation,  3) joint, cartesian world,
or cartcsian  tool r]iotion, 4) hand controller I)ositiorl
scale, a~ld ~) tool ]cr)gttl. ~’our au to  sequcncc  hLlt~OrLS

(home, auto], auto2,  and auto3)  arc also provided for
easy executiorl  of frequently used ~)rc-~)rograrnrncd or
automated IIlotiorls. in tllc sllarcd  cc)lltrol mode, tllc
operator call pcrturh or modify the autorrlated  motion
by usirlg hand colltrollcrs.

‘1’hc display and control sliders GUI (F’ig. 9L)
displays hc,th tllc currerltly  measured and opcrator-
cornrnarlded rol)ot positions. ‘1’liis  intcrfacc  allows the
operator to issue arl operator-cor]lrnarldcd autornc)vc
by specifying tllc robot target pc,sitior] and traverse
tirm irlterval.  ‘1’hc t a rge t  })osition is sl)ecified t)~ us-
irig either operator-  co~nrrlar]dcd  robot  posit  ior] sl}dcrs
or text widgets irl arly orlc of tllc joirlt,  cartcsian ~vcmld
absolute, cartcsiall  ~vorld relative, and cartcsian toc)l
rclatiic modes. ‘1’IIc traverse time interval is s~)ecified
either  by setti~l~ the ti[llc irltcrval  directly or, altcr-
llativcly,  hy scttlng t}le Inotion speed (lcnv, rllid, llighl
and set).

‘1’lIc light cot]trol arid illlagc opcratic)ns  GUI (1’ig.
10) a l lows tlic o~)erator  to corltrol tllc li~llt inter]sity
Icvcls througl]  sfider corltrol c~r nurllcric~  text e n t r y .
‘J’his interface also ltas auto sequence  buttozls  for il]h
agc opcratio]ls.  ‘1’he video switch GLJI (Fig.  11) allows
the c)~~cratc)r to collrlcct arly outl~ut  cllarlrlcl (typically
video r]~orlitors)  to ariy il)J)ut cllallne] (ty~)ically  video

J
carncrw  . ‘J’tlc ol]eratc)r  selects  tlic outl, ut charlrlrl
f i r s t  all tllcn tllc irl~)ut cl]arlnel. };ach out~)ut  cllarl-
ncl pushhuttorl  dis[)lays the currcritly  conrlcctcd  irljlut
cllanncl.  ‘1’y~)ically  orlc rnonitc)r  is used for surface irl-
spcction,  ar~d the otl)cr ttvo for manipulator corltrol.
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Figure 9: ()a ILcrtrot control GUI and (h) display and
control slit ers GUI

An extended automated sequencing capal)ility  }Las
hecn dcvelo~)ed  to sup~~ort Loth rnanil]ulatioll  artd irm



I’igurc  10: I,igllt control and ilrlagc ol)cratio]ls  G(J1
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Figure 12: Auto scquencc  GUI (a) i]] save position
rlloclc, and (b) in auto scquc])ce cxccutioll  rnodc.

age ills~)cctioll cofll![lands. Our illlI~lclllerltatiorl  can hc
considered asarlcx[crlsicJ1 tcJftllc c~)rrcllt S}l~lttlc ltMS
auto scquerlcc capability [II] which is limited to the
pre-progranllllcd  robot  rrlotion  control. Fhrthcr,  our
iltlplcnmtalion supports an interactive save-position
mode, in addition to the normal auto scqucncc  execu-
tion ]node. In the save-positioI1 rnodc (Fig. 12a), the
operator can illtcractivcly  save tllc current atrll posi-
tion citllcr  in tclcopcrationor  irlo~Jctator-colt~ ll~a[lded
auto rnovc tllodc and gcncratc  ~notion commands that
c a n  t)c u sed  l a t e r  ill writing  autosc  ucncc scri~)ts.

?III theauto scqucncccxccution ]rlodc Fig. 121)),  tlIc
auto scqucncc  script is displayed in tl[c scrolled list
window, a[ld tllc current co~llma~lcl hcirlg cxccutcd  is
highliglltcd. ‘J’}Ic  o p e r a t o r  earl interrupt ttlc execu-
tion at any time by clicking the “pause” button, a)ld
later  rcsulne  it by clicking t},c “run’) Lutton..  rl’hc op-
erator call a l so  abort  the rcrnaini]lg  cxccutmll  COIII-
plctely  by clickitlg t h e  “ s h o r t ”  I)uttotl.  2’IIc robot
mo t ion  au to  scqucllcc cornlnands  irlcludc rbt.lllovc,
~ht.llat!sc,  rbt-s~)ccd,  alld rbt-tool-length. ‘1’lle irlla,gc
lnspcctlorl  auto sec~ucrlcc  corlltllands  illcludc  ill~agcop-
crations  (e.g., irilg_frcczc, i~ng-ctisp]ay,  ilng-sut)tract),
ligtlt control, and video s~vitcll cor[lrrtarlds  (carllcra
coritrol corl]rnands will also be avail at)lc).

‘JihC on-line graphics disj)lay showing the curtcrlt
r ot arln  corlfiguration  at arly de s i r ed  vicwil)g  ariglc
is also IIrovidcd  a.~ arl cffcctivc visualization aid to t))c
o~)crator  as dcscrit)cd earlier ill Scctiott  2.3.

3.2 Iluman Visual Inspection with Auto-
matcct  Scanning

‘1’hc autorl]atcd  scanr]ing cal)al)ility  }Ias bccrl irltro
duccd to tllc rclnotc  surface irlspcctic)n  system to re-
duce the oI)crator’s  manipulation wwrkload zirid thus
allow the operator to corlccrltrfite  c)]]  irlsJ)cction dutirlg
tllc tlurnarl visual inspection. Alt]]ougll a silijl)lc auto
scar] function is irl fact avail aljlc in rllarly cornrncrcial
carrlera parl-tilt Urlits for surveillance, our irr]l)lclncrl-
tation I)rovides  r]lorc  sopl]isticatcd  ftcxiblc autorllated
scarlnitlg  ca~)al)ilitics  ba.scd on ttlc autc)rnated  scarlllirlg
GIJ1 su~)l)ortirlg operator-intcrac~ivc sensor lJlannirlg,
scan ~)ath ~)rcvicw,  arid or]-lirlc  ~ra~)hical  visualization
during tttc actual auto scatlrling.

‘J’}Ic automated scanning ~)rocedurcs  is cc)llvcr)icrltly
divided i[lto t~vc) ~)}la.scs:  ttlc scrlsor ljlarinirlg slid cxc-
cutiorl I)liaws (I;i~. 13). Irl tl]c scrlsor  l)larlriirlg }jtla.se,
ttle ol,cratc)r  earl register tllc ol)jcct  image arid gclb
eratc a scan ~Jatfl illtcr:ictivcly.  Chlrrel)tty tile olljcct
surface to t}c insl)cctcd  is ,awurncd  to bc aI]prc]xi Iliatcly
a 2-1) rectangular surface, although it car] bc cxtcrldcd
to otllcr  surfaces such a.s irregular 2-l J shapes cm cylirl -
drically  curved surfaces. In order to register tlte ob-
ject irnagc and gcncratc  a scan path for a rectangular
surface, the operator Inovcs the inspection caTncra by
tcleoperation  to each corner of the rectangular surface
so t}lat the video irllagc of the  corner poir)t al>pcats
at the cclltcr  of tlic video rrlo[litor screen (a cross hair
mark at tllc ccntcr  of tl)e rllonitot  scrccn earl be help-
ful), while keeping the impcction carncra  at a desired
di.star)ce from t})c surface. Each corner pc)int is reg-
istered  hy rcaditlg  ttle cal!~cra posi t ion and I[)arkillg
the corrcs[)orlding  corner irnagc point in the far-view
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I

wi IIdow. If a far-view object image for flaw Inarkillg
is [lot avail ah]c, the far-view window si]n~)ly  dis[)lays
a wire-fralne rcctarlglc.

After t]l~ registratio~l,  a scar] ~)ath is gcncrat,ed SC)

tliat tlIc i]lsl)cctic)]l  v.’ill take place to cc}vcr  tllc eatirc
rccta]lgular  surfac.c  for a givcIL carllcra  view size. ‘J’wo
default scan paths arc availat)!c: the hc)rizoIltal  path
wl]ich  scaIIs ttlc surface horizontally startirlg  frotn the
to]) row to t}]c hottcm and the wrtical J)at}l wllic.h
sca]lsthc surface  vertically  fror]ltlle  left column totllc
rigl,t.  Alorlg  tl]e scan ~~ath, via points which dcfinrs
tllcrol)o~rnotioa trajectoryar]d ~’ista~)oi)ltsw’llcrca~l-
tolnatcd inspection takes Jllac.c are dctincd.  l’hc  vista
I)oi]lts arc ~)laced so that the automated inspection }vill
cover the clltirc surface. All vista points arc defined
as via I)oirlts,  but additional via points  arc i[]scrted
toc]lsurcs]l~oot}]  and accuratc scarlIlirlg.  Forcffcctivc
visualization}, the scan I)ath grar)l]ics  is directly over-
laid otl t]lcfar-view digitizcdobjcct  irna.gc (Fig, ]4).
if rcctarlgu]ar  I)oxilldicatirlg  tllccurrcllt pcxitio]l arid
tile view I)ort oftllcilis~lcctioll carlmtais also overlaid
to l)roviclr cffcctivc visualization to ttlc oIJerator.

‘l’lie operator can l)rcvicw arid rllodify tllc gcllcr-
ated scarl J)ath. interactively try inserting, dclctirlg,  or
relocating vista arid via points asrlccdcd. An cxarllplc
of a default horizontal scan path is shown in l)ig, 14.
‘J’IIC  scan-] )at}l editing capal)ility  cnahles  tllc opcratc)r
toirltcrrictivcly gc~leratc ascall path for irregular 2-1)
sllapcs  ot.ller than the rcctarlgular  shape.  Orlcc tllc
irllagc registration and the scan path generation arc
coll]plcted,  the relevant irnagc registration and scan
[jath data arc saved so that these procedures can be
skipI]cd for tl]c subsequent insr)cctions.

\~ll,crl t}lc opCrator  ir, itiatcs scallr)illg in t}lC aut~
scarl execution phase (Fig.  13), the arm first rllovcs to
Ll)c Ilearcst  via poirlt from the currerlt  arm I)osition,

———

k’igurc  14: Autorilated  scanning  GLJI  ~vitll g r a p h i c s
cwerlay of a scarl ~~atli slid the rcctall, gular box i[ldi-
catill,g the currcrlt  carllcra  view ~]ositiorl  arid size.

atld then follows the scan I)at}) irl the spccificd direc-
tion which earl I,c either fcmward or backward.  ‘1’hc
operator  ca~] also rccluest the arm tcj go to a dcsig-
~lated viapoir]t directly.

3.3 Machine-Vision-I]  asd Automated
Insl}cction

‘J’IIC  oper:itc)r’s  workload and illspcctiotl  tirnc call bc
signifrcarlt]y rcduccd  by l~roviding the operator with
an automated inspection cailahility.  IJy rclyingon tllc
autoroated  insljcction, tllc o~]crator rlocs not have to
inspect tllc elltirc  surface, but  exarnirlcs a few portions
of the inspection surface orlly wlicn the auto~nated  irl-
spcction  rlotifics tllc o~)crator of a J)otcntia] flaw. ‘]’~LC
operator  ultilnatcly dccidm  wllcthcr  there is a flaw
on the surface. ‘1’hc JI’1, rcrnotc  surface irlspcctioli
systcrn  uses t!lc rnacllirle-  vision-  l)a.sed irnagc diffcrcrlc-
ing tcchniquc  incorporated }vith automated scannirlg
for  autorl]atcd  insi)ectior]. llyselccting, the “rcfcreIlcc
scan” huttorl,  tticopcrator requests the lrrs[)cctlorisys-
tc]n to stall the c)hjcct  surface alorlg tllc prc-defined
scan ~)ath al)d collect a refcrcricc or %cforc” irnagc for
cacll vista l)oillt. ‘1’hen, after  a ~)criod of tirnc, tllc op-
erator  selects tlic “cor!l~)arisoli  sc:in” I)uttorl, rcqucst-
irlg tl)c irls}lectioll syster[]  to rc-scan tl)esurfacc alorlg
tllcscall ~)atllidclitical  to[lleo~lc used in tllcrcfcrerlcc
scan. l)uring  the cc)rnparisol)  scab, the cornpariso[l or
“after” irllagc is coln~)ared  with the rcferellcc or ‘(be-
fore”  illlagc for each vista point.  ‘1’0  climiaatc the
v a r y i n g  alnhicnt  Iig}lt effect, both  ttlc refcrcrlce arid
corn~]arisoll irllzigcs arc actually obtairlcd  by sut]tract  -
ing the i[[lage takerl ~vith the controlled light from the

J
image with rlo corltrollcd  Iigllt [3 .

When a large discrepancy is c~cctcd hctwccn  tfllc
compensated rcfcrcl)cc allci co[nparlson  iIrlagcs, the m-
spcction  systcrn  illtcrru[)ts  t h e  autonlated scanrling
and notifies the operator of a potential flaw occur-
rence for further cxarrlillation.  First the systetll  stlows
the operator tllc thrcsl)oldcd  binary blob ilnagc ob-



Figure 15: Autoll]atcd  irlslwctiou  ~lotifics  the o~~crator
o f  a  I)otcnt ial flaw occurrcmcc with tllc tllrcsholdcd
I,irlary  irnagc after ilnzrgc diffcrclicillg.  ‘J’hc actual  flaw
is tllc IIlissillg screw (see tllc gra]ll)ics cwcrlay of tlIc

flaw l)ou~ldary  ill tllc close-view window  of Fig. 8).

taillcd  after tfle ifrlagc diffcrencirlg irl the close-view’
wit)dow (}’ig. 15). \\’hell ttle o~, crater nits the rc-
t.ur[] key after  vicwil)g  tllc il]~agc difrcrctlci]lg r e s u l t ,
tllc system  SIIOIVS  tllc co]nl)cnsatcd  col]il)arison or “af-
ter” image on wl]icll  tllc flaw out]ir]c  gral~tlics is ovcr-
Iaid (see close-view }Villdow of Fig. 8). ‘1’his  helps
tlIc o~)crator to locate tllc flaw ]Ilorc  quickly. ‘1’lic op-
erator IIOW  cxarllitlcs  tlic flaw carefully by observing
various rt~’ailaljle reference  and coluj)arisoll i]nagcs  Of
tlIat flaw illc]udir]g  t}]osc fro]]] ~,revious scans l,y using
arl orl-]irlc flaw rnal~ipulatio]l iIitcrfacc  [8]. A f t e r  the
careful cxalnirl:itioll,  tllc ol]cr:ilor  can either conf i rm
tllc flaw occurrence arid log tllc flaw in a data I)asc,
or igllorc it i f  it is a false al:ir]n. ‘J’lle o})crator can
rcsurllc tl)c autol]latcd  i]lsl)cctiou after  taking care of
the flaw ~loiificatic,ll.

4  C o n c l u s i o n
}Irc dcscril)cd  IICW  dcvclo~)lnerlts  and a~)lllicatic~ns

ofgral~l)ic:i]  c)~)crator  interfaces for tclcrol)otics  hy cln-
J)]c,:i , gra~~llicsdisl)lays  alldgraI)llical  user itlterf:ices
for l,ascd cflicicrlcy slid safety.  \f’c dcscrit)cd lIOW
gral ,. s disl)l:iys Ivcrc crrlploycd to acl]icvc mc~re efli -
cicllt and rc]i:iblc tclcrol)otic  ol)cratio]ls  in  a l l  tlircc
IIII:LWS  of off-lirle t a s k  allalysis/l)lallr]illg,  i,crator
tr?iir)irlg, arid c,rl-lirle operations \f’c also f. f.scrihcd
IJOW irltcgratcd  gr:i})llics  arid gra~)tlical liscr ilitcrfaccs
tvcrc cffcctivcly  u s e d  ill tl]c IICW  dcvelol)rncllt  o f  a n
cflicicrlt easy-to usc gral]tlical  o[)crator  interface for a
rcrnotc  surface illsj)cctiorl  systcrll. P’uturc  l,lalls  in-
clude couductir]g  cxIjcrirl]crlts  to evaluate tile IIcw]y
clcvclopcd  ol)crator  irltcrfacc  dcsigtls and quaritify  pcr-
forth. arlcc ellllarlcclllcnts.
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